Selenium-enriched malts were prepared by an application of sodium selenite solution to steeped barley grain and following germination and kilning. The changes of selenium valency and the biotransformation of inorganic selenium were investigated by selenium speciation analysis in enzyme-hydrolysed malt samples using liquid chromatography-inductively coupled plasma mass spectrometry. Both inorganic compounds (selenate, selenite) and Se-containing amino acids (selenocystine, Se-methyl-selenocysteine, selenomethionine) were found in green and kilned barley malt.
Introduction
Selenium is an essential element, which plays a number of important roles in the human body. It influences the synthesis of thyroidal hormones, the regulation of antioxidative processes and the production of prostaglandins, supporting growth and fertility (Velíšek, 2014) . Due to the antioxidant properties of selenium containing amino acids and selenoproteins, it is assumed that bioactive selenium species have anticancerogenic effects (Irons et al. 2006; Roman et al. 2013) Due to similar physicochemical properties, selenium can replace sulfur in common biomolecules such as amino acids. As a result, selenium-containing amino acids (e.g. selenocysteine, selenomethionine, and Se-methyl selenocysteine -see Figure 1 ), selenopeptides and selenoproteins appear in tissues of plants or animals, which reflect the exposure of an organism to selenium. For humans, the most important selenoproteins are enzymes glutathione peroxidase and triiodothyronine deiodase.
The main source of selenium intake for people is food. Selenium content in food reflects the occurrence of selenium in the environment. In crops and food of plant origin, selenium accumulation is roughly proportional to the selenium content in the soil. The absorption of selenium by plants depends on its concentration and the chemical forms present in the soil (Broadley et al., 2010) . Selenium content in animal products interrelates with the levels of selenium contained in the feed the animals consumed.
Selenium is both essential and toxic and the range of concentrations within which it is beneficial is relatively narrow (EFSA, 2014) . The recommended daily intake of selenium is 55 μg for women and 70 μg for men (Navarro-Alarcon et al., 2008; EFSA, 2014) . In Europe, the highest tolerable daily intake dose of selenium was set at 300 μg (Navarro-Alarcon et al., 2008; Scientific Committee on Food, 2000) . Most plants do not have the ability to accumulate high levels of selenium (the levels rarely exceed 100 μg g -1 of dry matter) (Navarro-Alarcon et al., 2008) .
Selenium deficiency is dangerous, especially when accompanied by concomitant vitamin E deficiency, which also acts as a protective factor against oxidative stress. One of the consequences of selenium deficiency is Keshan disease (Li et al., 1985) .
Czech Republic belongs to the countries with a low content of selenium in soil. Therefore, the selenium con-centrations in crops cultivated here are mostly very low (<0.05 mg kg -1 ). With the exception of the cases of feed supplementation with selenium, the selenium content in animal products remains also quite low (Ludvíková et al., 2005; Střítecká et al., 2009; Kvičala et al., 2008) . This situation could be improved in several ways: the fortification of fertilisers with an inorganic selenium compound (similar to the Finnish model from 1980s), the foliar application of inorganic selenium to grown plant crops, or the supplementation of feeds intended for farm animals with selenium in a suitable chemical form (Eurola et al., 1989; Bennett et al., 2010; Bañuelos et al., 2000) . However, in order to achieve the best bioavailability of selenium, it should be applied in the form of organic species produced synthetically or created via metabolic transformation from inorganic species to organic ones during the technological process of production. A viable option for improving selenium intake in the Czech Republic could be the application of selenite or selenate during beer production, since the beer consumption per capita in the Czech Republic is the highest in Europe (The Brewers of Europe, 2018) .
Knowledge of the total concentration of an element in foods is not enough for evaluating its actual effects. Therefore, it is mandatory to investigate the binding forms of the element present in foods, also called the element species (Templeton et al., 2000) . The determination of element species in biological materials is most often achieved by a combination of two techniques of analysis: chromatography and atomic spectrometry. A remarkably powerful combination for this purpose is liquid chromatography hyphenated with inductively coupled plasma mass spectrometry (ICP-MS) (Szpunar, 2000) . The analysis of selenium species was investigated by many researchers (e.g. Muñoz Olivas et al., 1994; Dauchy et al., 1994; Pyrzyńska, 1996; Uden, 2002; Dumont et al., 2006; B´Hymer et al., 2006; Pedrero et al., 2009; Pyrzyńska, 2009) .
The hypothesis of the present work was that within the process of barley malting an inorganic compound of selenium is partially bio-transformed into organic selenium species as a result of the high metabolic activity of the germinating seeds. In this work, we have tested a sodium selenite application to the barley grains, in order to prove the transformation of inorganic selenium into organic species during the malting process, which is the condition that must be fulfilled before performing further work aimed at the production of selenium-enriched beer. To analyse total selenium content and selenium species, we applied the analytical technique of inductively coupled plasma mass spectrometry (ICP-MS) and the hyphenated technique of liquid chromatography coupled with ICP-MS.
Materials and methods

Preparation of malt samples
Four malt samples were prepared: two control malts (green malt and kilned malt) and two Se-enriched malts (also green malt and kilned malt). The preparation of enriched malts included the addition of sodium selenite solution, while for the control samples the sodium selenite solution was omitted.
Grains of spring brewing barley were used as the basic raw material. The preparation of malts took place in a stainless steel micromaltery and included three steeping steps at 10 °C (of 8 h, 8 h and 3 h duration, respectively) interrupted by three aeration periods lasting 10 h, 10 h and 3 h, respectively. Then the portion intended for the preparation of Se-enriched malt (corresponding to ca 1 kg of grain) was disparted and spread over a support in a thin layer. An aqueous solution containing 200 mg of Na 2 SeO 3 .5H 2 O in the total volume of 8 ml was then applied as an aerosol on the spread material using a small glass laboratory sprayer. Thereafter, the material was placed back into the micromaltery. This was followed by the grain germination for 48 h at 15 °C with an over-turning period of 12 h. At this stage, the samples (50 g) of green malt (both the Se-enriched and the control one) were taken from the corresponding batches, immediately frozen and stored in the freezer until the analysis. The remainder of the green malts (both Se-enriched and the control) was kilned according to the following temperature regime: 6 h of heating at 45 °C, 6 h of heating at 50 °C, 10 h of gradual heating from 50 to 82 °C and maintaining the temperature of 82° C for 2 h. 
Determination of total content and soluble content
of selenium In order to determine the total content of selenium in malt samples or the total soluble part of selenium released by hydrolysis, the decomposition of corresponding samples was used as a sample preparation step. Sample portions of 500 mg of malt or of 5 ml of the supernatant resulting from malt hydrolysis (see chapter 2.3) were used for the decomposition. A dose of 3 ml of HNO 3 was used as the reagent. The decomposition was performed in DAK100 PTFE vessels of the microwave unit Speedwave 4 (Berghof, Königsee, Germany) and took 24 min of heating (at a maximum temperature of 230 °C) followed by cooling period of 50 min. The resulting solutions were transferred into 50 ml plastic calibrated flasks, spiked with an internal standard and filled up to the mark with distilled deionized water (DDW). Final concentration of the Ge internal standard was 40 µg l -1
. The content of selenium was determined by ICP-MS working in the dynamic reaction cell mode with methane as a reaction gas using ELAN DRC-e ICP-MS instrument (Perkin-Elmer, Norwalk, CT, USA) equipped with a peristaltic pump, a glass concentric nebulizer and a glass cyclonic mist chamber with cooling capability. An external calibration technique was used for selenium quantification. Operating parameters of ICP-MS are shown in Table 1 .
Sample preparation for selenium speciation
An enzymatic hydrolysis was used for sample preparation before LC-ICP-MS analysis. Before this step, the green malt sample was crushed in a porcelain mortar, while the kilned malt sample was pulverised in the laboratory mill (Waring 8010, USA). Then the sample portions of 200 mg of malt were weighed into polypropylene screw-capped centrifuge tubes (30 ml, Sigma Laborzentrifugen, Germany); 25 mg of protease XIV from Streptomyces griseus (Sigma Aldrich, Germany) and 25 ml of buffer solution (0.02 mol l -1 Tris-HCl, pH=7.5) were added into each tube, the tubes were closed and the samples were incubated in a laboratory thermostat (Binder ED 115, Germany) on a shaker (CAT S20, Germany) working at the frequency of 900 min -1 at 37 °C for 22 hours. The samples were centrifuged (15 °C, 20.000 g, 20 min) and the resulting supernatants were used for further analyses (determination of total solubilised selenium and determination of selenium species). Prior to speciation analysis, the samples were diluted 10 times with the mobile phase.
LC-ICP-MS analysis
A coupling of reversed phase ion-paired chromatography and ICP-MS was used to determine the selenium species (Balán et al., 2014; Zheng et al., 2000) . The chromatographic apparatus consisted of a high-pressure pump ) and was adjusted to pH = 7.0. The flow rate was 0.6 ml min -1
. Standards of sodium selenite, sodium selenate, selenocystine, selenomethionine and Se-methylselenocysteine (Merck, Germany) were used for the calibration and identification of selenium species. The identification of species was based on the retention time of the standards.
The chromatographic analysis of the selenium species is completed within 8 min, because under these conditions the retention times of selenate (Se VI ), selenite (Se IV ), selenocystine ((SeCys) 2 ), Se-methyl-selenocysteine (MeSeCys) and selenomethionine are 2.5±0.1 min, 2.8±0.05 min, 3.3±0.15 min, 4.4±0.2 and 7.3±0.3 min, respectively. For the analysis of malt samples, however, it was necessary to prolong the analysis time to 32 min in order to achieve the elution of other species. The setting of ICP-MS instrument is summarised in Table 1. ICP-MS is an element-specific method of detection and the areas of chromatographic peaks obtained in LC-ICP-MS analysis are proportional to the mass of the corresponding element contained in the eluted species. Therefore, any well-defined compound of the element can be used as a basis for calibration. To quantify selenium mass corresponding to individual peaks, we used a calibration curve obtained by the analysis of standard solutions (10, 20 and 40 μg l -1 of Se) prepared from sodium selenite. To perform these measurements, the analysis was shortened to 6 min (number of replicates was decreased to 300). The calibration was carried out before each series of samples and after four sample injections, the calibration was repeated. The quantification of selenium was based on the signal of selenium related to the signal of internal standard. This means that peak areas were calculated by numerical integration of the ratio of intensities 80 Se/
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Ge in the corresponding time interval. The quantities of individual selenium compounds corresponding to detected and identified organic selenium species were calculated by multiplying the found selenium mass or mass fraction by the stoichiometric factor (2.116, 2.306 and 2.484 for (SeCys) 2 , MeSeCys and SeMet, respectively).
Results and discussion
The subject of the analyses was the content of selenium and of its species in selenium-enriched green malt and kilned malt. A slight inhibition of germination was obvious in the case of sodium selenite application, probably because the dose of selenium was too high. The control sample germinated normally.
The total selenium contents expressed on fresh weight basis in the enriched malts were 40.3 ± 1.5 μg g -1 and 64.5 ± 4.5 μg g -1 for green and kilned malt, respectively. The corresponding moisture contents, determined gravimetrically, were 40.9% and 3.5%, respectively. In contrast, the total selenium contents in both control malt samples were <0.02 μg g -1 . Low selenium content in normal barley malt is given by soil conditions in the Czech Republic. In Spain, some attempts have been made to increase the selenium content in barley and consequently in malt and beer using additions of selenate or selenite into soil at the doses 10-20 g of Se per ha (Rodrigo et al., 2014) .
The first step in selenium speciation analysis of selenium-enriched malts consisted in sample hydrolysis, which is a mandatory step for releasing the selenium species from the matrix. The enzyme hydrolysis using protease XIV was effective in solubilisation of the majority of selenium content from malt samples. The soluble portion of selenium corresponded to 75% and 95% of total selenium content in green and kilned malt, respectively, which is equivalent to the selenium mass fractions of 30.3 μg g -1 in the green malt and 61.3 μg g -1 in the kilned malt.
The reversed phase chromatography with mobile phase containing two ion pairing agents and methanol in a malonic buffer was used for the separation of selenium species. This method was described by Zheng (Zheng et al., 2000) and was recently slightly modified (Balán et al., 2014) . It enables the determination of both inorganic and some organic selenium species, however, in the presence of selenite, the resolution between the peaks of selenate and selenite and the resolution between the peaks of selenite and selenocystine is not perfect. The elution profiles of soluble selenium species in green and kilned malts are analogous (see Figure 2 ), but the proportion of the two inorganic species (Se VI and Se IV ) is different. In addition to selenate, selenite, selenocystine, Se-methyl-selenocysteine and selenomethionine, several unknown selenium species were detected including a highly retained one eluted at 30 min. Therefore, the analysis had a longer duration.
The mass balance of selenium in the course of chromatography disclosed that the hydrolysed samples contain considerable amount of unknown selenium species that are not eluted at all under the chosen chromatographic conditions. This totally retained selenium represents 55% and 33% of the total soluble selenium in the green and the kilned malt, respectively. To elute the retained selenium compounds from the chromatographic column, it had to be rinsed with 50% methanol and 100% methanol after each series of malt sample analyses. Figure 3 gives a detailed view of green malt sample analysis showing the selenium species eluted within the first 10 min of analysis. The summary of results is given in Table 2 . It should be noted that the detected seleno-
Parameter
Total Se determination LC-ICP-MS analysis
Measurement mode DRC DRC
RF power (W) 1100 1100
Gas flow rate (l min -1 ) 11.0 11.0
Auxiliary gas flow rate (l min cystine (symbol (SeCys) 2 ) actually represents selenocysteine, because selenocysteine liberated from selenopeptides and selenoproteins is oxidised during enzyme hydrolysis (Zheng, 2000) to the corresponding diselenide, i.e. to selenocystine. The corresponding analysis of selenium species in kilned malt sample is shown in Figure 4 and the results are summarised in Table 3 Differences between the occurrence of selenium species in the green and kilned malt consist namely in the content of inorganic species. Selenium was added to steeped grain as selenite, but in the green malt selenate prevails over selenite, as a result of oxidation from tetravalent to hexavalent selenium state. On the contrary, in kilned malt both inorganic species are present in an approximately equal amount. This is probably caused by reducing power of reductones and other easily oxidisable compounds created in the course of kilning via Maillard reaction of carbohydrates (Velíšek, 2014) .
The results proved that the biotransformation of inorganic selenium to organic selenium species really takes place during the malting process. Nevertheless, some selenium remains in the inorganic states. The selenium contained in the form of known organoselenium species (seleno amino acids) amounts to ca. 14 μg g-1 of Se, which represents 22% of the total selenium in selenium-enriched kilned malt. On the other hand, the content of inorganic selenium species is ca. 14 μg g-1 of Se, which represents 25% of the total selenium. Rodrigo and her co-workers (Rodrigo et al., 2014) also found appreciable portions of selenite in malts made from Se-fertilised barley, but they determined selenomethionine as the main species. In our experiment the remaining part (34 μg g-1 of Se or 52% of the total Se) accounts for insoluble selenium compounds and unknown organic selenium compounds including very hydrophobic species that were not eluted from chromatographic column. The strongly retained compounds are probably some organic selenides and diselenides created by various reactions from selenium containing amino acids; it is known that plant metabolism of selenium includes the formation of dimethyl selenide (DMSe) and dimethyl diselenide (DMDSe) (White, 2018) . The enzymes converting selenomethionine or Se-methyl selenocysteine to DMSe or DMDSe were found in a number of plant species (Schiavon & Pilon-Smits, 2017; White, 2018) , so it is probable that these processes can take place also in barley. For the determination of organic selenides and diselenides, gas chromatography is a better choice.
As the transformation of inorganic selenium compounds into selenium containing amino acids was proved, the used approach could be utilised, after necessary modifications, for the production of beer with an increased content of selenium in highly bio-available chemical form. However, the dosing of selenite should be considerably lower. It should be noted, according to the results of the Spanish study (Rodrigo et al., 2014) , that a high percentage of selenium loss is expected during the whole brewing process.
Conclusion
The experiments showed that a penetration of selenite into the grain can be achieved by spraying its solution onto steeped barley. A part of the selenite is transformed into organic selenium compounds. The analysis showed the presence of selenocystine (the product of selenocysteine oxidation), selenomethionine, and trace amounts of Se-methylselenocysteine. As a further recommendation for future tests, a reduced dose of selenium compound should be used when preparing the malt sample.
